We have studied the evolution of electrically active defects in rapid thermally annealed p-type GaAsN epitaxial layers using deep level transient spectroscopy (DLTS). A continuous distribution of hole traps and an overlapping minority carrier trap are observed in the layers grown by metalorganic chemical vapour deposition. Rapid thermal annealing (RTA) in the temperature range 600-900 C for 30 s created six hole traps HA1 (E V þ 0:22 eV), HA2 (E V þ 0:32 eV), HA3 (E V þ 0:38 eV), HA4 (E V þ 0:39 eV), HA5 (E V þ 0:55 eV), and HA6 (E V þ 0:78 eV). Most of these defects are stable at 900 C, although their relative concentrations varied over the RTA temperature in this study. We discuss the origin of these hole traps based on previously reported hole traps in the literature. The increase in doping concentration in the annealed samples is also discussed.
Introduction
Alloys of group III arsenide nitrides [GaIn(N)As] are being actively researched for the fabrication of infrared optoelectronic devices [1] [2] [3] and multijunction solar cells. 4) These long wavelength alloys rely on the dramatic reduction in band gap by the incorporation of small concentrations of N into the GaAs lattice. 5, 6) There are two major issues related to the growth of GaAsN layers, namely (a) the low miscibility of N in GaAs and (b) the relatively poor optical quality of alloys. 7) The poor optoelectronic properties could be related to the presence of interstitial nitrogen 8) and nonradiative defects in the as-grown alloys. [9] [10] [11] [12] [13] Several studies have shown that the optoelectronic properties of alloys can be improved by a post-growth annealing step. Although several studies have investigated the dependence of luminescence 14, 15) or structural changes 8, 16) of GaAsN alloys, there has been no systematic study of defect evolution in these alloys as a function of post-growth annealing temperature. A better understanding of the defects and their evolution during post-growth annealing may suggest ways of improving the quality of the material. Furthermore, the systematic investigation of deep levels in strained GaAsN epitaxial layers is critical to resolve inconsistencies and controversies that exist at present concerning the origin and annealing mechanisms of nonradiative recombination centres in these alloys. As mentioned in a recent study of electron traps in GaAsN layers, 17) the correlation between nonradiative recombination centres and nitrogen-related traps in GaAsN alloys remains mostly unexplored. 7, 18) There are relatively few reports on electrically active defects in GaAsN alloys, and these will be visited during the discussion of the defects reported in the present study.
In this study, we have used deep level transient spectroscopy (DLTS) to study the evolution of defects in rapid thermally annealed p-type GaAsN epilayers with 0.31% nitrogen. Capacitance-voltage (C-V) measurements were also used to monitor the change in free carrier concentration in the annealed samples. We discuss the possible origin of these defects and explain the increase in doping concentration due to the removal of hydrogen in annealed samples.
Experimental Procedure
Unintentionally p-doped GaAsN epitaxial layers (825 nm thick) were grown by low-pressure metalorganic chemical vapour deposition (MOCVD) on Zn-doped GaAs substrates. Samples were grown at 600 C using trimethylgallium, arsine, and dimethylhydrazine with hydrogen as a carrier gas. The nitrogen composition of as-grown sample was estimated from double-crystal X-ray rocking curves to be 0.31%. Rapid thermal annealing (RTA) was performed on the samples in the 600-900 C range for 30 s using GaAs proximity capping in N 2 ambient. Selected samples were also annealed for 60 s or 90 s at 650 C or 800 C. Ti Schottky diodes of thickness 200 nm and 0.5 mm diameter were fabricated on the chemically cleaned epilayers by electronbeam evaporation through a contact mask. The defects present in samples were studied by DLTS using the modified lock-in type setup described in ref. 19 . High-frequency (1 MHz) room temperature C-V measurements were used to determine the doping concentration in samples. C (open diamonds) annealed p-type GaAsN epilayers. The samples were annealed for 30 s under N 2 flow in a rapid thermal annealer using GaAs proximity capping. The doping profiles were extracted from least squares fits of the 1=C 2 versus V curve obtained from highfrequency C-V measurements at room temperature. 20) It is clear from Fig. 1(a) that annealing increases N A in p-type GaAsN alloys. The change in the apparent free hole concentration relative to the unannealed sample, ÁN A , is depicted in Fig. 1(b) as a function of the annealing temperature. There is a gradual increase in the doping concentration up to 800 C followed by a relative decrease at the higher annealing temperatures.
Results and Discussion

Doping profiles
The change in the apparent free carrier concentration in both annealed InGaAsN 10, 21) and GaAsN 12,22,23) epitaxial layers has been reported in the literature. In particular, the annealed p-type layers showed an increase in apparent hole concentration, whereas the opposite effect was observed in annealed n-type layers. In the p-type layers of interest here, the increase in N A following annealing could be explained by (a) the reactivation of acceptor-type defects which are passivated by hydrogen, and/or (b) the removal of donortype defects which compensate the acceptors in the as-grown p-type epilayer. 10, 12) It is worth noting here that the two mechanisms produce the same effect, and only differ in the underlying principle by which the effect is produced (i.e. passivation versus compensation). A recent theoretical study has shown that in GaAsN a hydrogen atom bonds preferentially to the more electronegative N and acts as a donor in its own right, whereas in conventional III-V semiconductors, H is an amphoteric impurity causing passivation instead of doping. 24) Based on the arguments presented above, the increase in apparent hole concentration with annealing could be explained by either the removal of N-H bonds and/or the formation of the electrically inactive N-H 2 structure in the annealed samples. 16, 24) The breaking of some N-H bonds may be enhanced at the higher temperatures, leading to an increase in N A with the increasing annealing temperature. As will be discussed in the following section, the removal of excess N (i.e. N interstitial) in annealed samples would result in the loss of N-H bonds. If the change in N A (i.e. ÁN A ) were solely due to the removal of donors, then ÁN A is expected to reach a constant value at the higher annealing temperatures (since the number of N-H bonds in epilayers is finite). However, as evidenced in Fig. 1(b) , ÁN A decreases marginally after reaching a maximum at 800 C. This decrease suggests that the breaking of N-H bonds may not be the dominant mechanism leading to an increase in N A . Another reaction involving the formation of N-H 2 structures during annealing may well explain the results in Fig. 1 . The formation of N-H 2 bonds is predicted to be more energetically favourable than the formation of N-H at high level Fermi energy.
24) Furthermore, the N-H 2 structure is electrically inactive and removes the compensation effect of the N-H bond. 24) Hence, the formation of N-H 2 bonds in annealed samples will produce less hole compensation, i.e. an increase in the apparent hole concentration. A recent study of the structural changes during annealing of GaInAsN using Fourier transform infrared spectroscopy has provided some evidence for the transformation of N-H bonds into N-H 2 bonds in annealed layers. 16) Furthermore, the study showed that this transformation became more complete as the anneal temperature was increased from 600 C to 700 C. Although the results in ref. 16 are limited to a very narrow temperature window, they do support the theoretical prediction for the higher stability of N-H 2 bonds over N-H bonds. 24) Despite the need for more detailed investigations of the structural changes that taken place in GaAsN alloys at temperatures above 700 C, we speculate that the marginally lower N A above 800
C [see Fig. 1 (b)] may result from the thermal instability of N-H 2 and its dissociation into the donor-like N-H structure. It is worth noting here that the creation of other donor-type defects above 800 C in epilayers cannot be excluded at this point in the discussion.
Electrically active deep levels
We now turn to the electrically active defects in annealed GaAsN layers. (c) 750 C, (d) 850 C, or (e) 900 C for 30 s in N 2 ambient. The DLTS spectra have been offset intentionally for the better clarity of the evolution of defects in the annealed samples. The as-grown layer contains both electron (AG1) and hole traps. However, we have not been able to determine the signatures of these hole traps because of the (a) overlapping peaks of minority and majority carrier traps, and (b) hole trap peak extending over almost the entire measurement temperature range. This is similar to a previous report of a continuous distribution of hole traps in p-type GaInAsN epilayers grown by MOCVD.
10) The authors attributed the broad deep level spectrum to a distribution of isolated point defects and/or point defect clusters. 10) We speculate that AG1 is related to excess nitrogen in the asgrown epilayers, which is removed by outdiffusion during RTA. 8, 25, 26) The outdiffusion of excess nitrogen does not change the N content in the layer as measured by X-ray diffraction but improves the luminescence dramatically. 8, 25) A recent study has used nuclear reaction analysis to determine the concentration of interstitial and substitutional nitrogen in GaAsN layers grown by molecular beam epitaxy. 26) One of the major findings of that study is the removal of almost all the interstitial N in a layer annealed at 750 C for 30 s. Furthermore, the discussion in ref. 26 mentioned that defects involving interstitial nitrogen could act as nonradiative recombination centres. Hence, removal of excess N and, therefore, these nonradiative centres, resulted in improved optical efficiency of their GaAsN-based quantum well structures. These results are consistent with those of Spruytte et al., 8) who also demonstrated the removal of interstitial nitrogen in their annealed alloys. It is pointed out here that the removal of excess interstitial nitrogen in annealed samples will also assist in the reduction of donorlike N-H bonds, leading to an increase in N A as shown in Fig. 1 .
As shown in Fig. 2 , RTA removes the broad background peak and introduces a host of discrete hole traps HA0-HA6. We have not been able to determine the electronic properties of HA0 since its defect peak is below 77 K (lowest measurement temperature in our DLTS system). DLTS spectra (b) to (e) in Fig. 2 show that the hole traps are created in different relative concentrations and in different temperature windows over the annealing temperature range studied here. The variation of defect intensities is illustrated in Fig. 3 as a function of annealing temperature. Figure 3 does not feature HA6 since it could not be resolved in samples annealed above 650 C containing relatively high concentrations of HA5. It is noted from Fig. 3 that, different defects have different temperature-dependent behaviour, and except for HA3, the intensities of traps are much reduced at 900 C. This reduction is more prominent for HA1 and HA5. The concentrations of HA1 and HA5 increase with the increasing RTA temperature to reach maximum values around 800-850 C. HA1 is not created in samples until annealing above 700 C. The concentration of HA4 also increases with the initial increase in RTA temperature, but decreases monotonically above 700 C. HA2 is not observed in samples annealed above 700 C, while the concentration of HA3 remains almost constant up to 850 C annealing. We point out here that although HA3 could be present in samples annealed below 750 C, its defect peak could not be resolved because of the overlapping HA2 and HA4 peaks [ Fig. 2(b) ]. It is also evident from Fig. 2 (e) and Fig. 3 that HA1, HA3, HA5, and HA6 are present in similar concentrations in the epilayer annealed at 900 C. We now discuss the possible origin of hole traps in annealed samples. Figure 4 shows the Arrhenius-like plots of lnðT 2 =e h Þ versus 1000=T from which the signatures (activation energy, E t , and apparent capture cross-section, a ) of defects were extracted. The symbols correspond to the experimental data points, while the lines represent the signatures of hole traps previously reported in the literature. One important remark has to be made here concerning the comparative defect study yet to be discussed. In Fig. 4 , the defects reported in this study are compared with hole traps that have previously been detected in GaAs. This does not constitute a problem since the valence band offset between GaAs and GaAsN is very small. For instance, Krispin et al. offset ÁE V was only 11 meV. In the present study ÁE G $ 125 meV, and the valence band offset can be neglected. Hence, comparing the electronic properties of the hole traps reported here with those of deep levels reported in p-GaAs (see Fig. 4 ) is justified. The activation energies of the six dominant hole traps in annealed samples are: HA1 (E V þ 0:22 eV), HA2 (E V þ 0:32 eV), HA3 (E V þ 0:38 eV), HA4 (E V þ 0:39 eV), HA5 (E V þ 0:55 eV), and HA6 (E V þ 0:78 eV). Defects H1 (E V þ 0:21 eV), H2 (E V þ 0:33 eV), and H3 (E V þ 0:58 eV) have recently been reported in MOCVD-grown GaAsN layers with 0.3% nitrogen. 11) We believe that HA1, HA2, and HA5 could be similar to H1, H2, and H3, respectively. We have not compared the two sets of defects because the capture cross-sections for H1, H2, and H3 are not given in ref. 11 . The concentrations of H1 and H3 decreased after annealing at 700 C, whereas the concentration of H2 increased.
11) HA2, therefore, shows similar annealing behaviour as H2, which may be further evidence that the two defects are similar. However, the different annealing behaviour of HA1 and HA5 compared to H1 and H3, respectively, indicates that the two sets of defects are either different or the defect reactions taking place in our annealed layers are different to those reported in ref. 11 . Tanaka et al. further proposed that H1 was a N-related defect, while H3 was probably an EL2-type defect.
11) During MOCVD growth under arsine overpressure, the formation of arsenic antisite, arsenic vacancy and interstitial arsenic clusters are favourable, and the presence of EL2-type defects is expected. The broken line in Fig. 4 corresponds to the signature of an EL2-type hole trap.
27) The deep electron trap EL2 which has been identified as the single donor state (0/+) of As Ga has a level at $E C À 0:79 eV, and is always detected in our n-type MOCVD GaAs. [27] [28] [29] Although a combined DLTS and photocapacitance spectroscopy study of p-type bulk GaAs grown by the horizontal Bridgman method has demonstrated that the double donor state of EL2 (+/++) has a hole trap at E V þ 0:54 eV, 27) this defect has not been measured in p-GaAs epitaxial layers to date. On the other hand, Fig. 4 shows that HA5 has similar electronic properties as the Fe-related hole trap which is often observed in p-type GaAs epilayers. 30) Krispin et al. 12) have recently mentioned that nitrogen-related defects give rise to electron traps, and were ignored as the possible origins of hole traps in their study of defects in p-type GaAs/Ga(As,N)/GaAs heterostructures grown by MBE. This proposition would contradict the suggestion of Tanaka et al.
11) that H1, and hence, HA1 in the present study, is a N-related defect. However, recent theoretical simulations by Lowther et al. 25) predict that the N-related defect N Ga (i.e. nitrogen antisite) introduces a level near the top of the valence band edge. These conflicting results demonstrate that further experiments are required to fully understand the defects in GaAsN alloys. As shown in Fig. 4 , the signature of HA1 is similar to the defect H4 of unknown origin, which is created in MBEgrown p-type GaAs epilayers by electron irradiation. 31) HA2 has a similar signature as HL6 that has been reported in highly-doped p-GaAs epilayers grown by vapor phase epitaxy. 30) As discussed above (Fig. 1) , the unintentional doping concentration $1{2 Â 10 16 cm À3 in our as-grown layer is increased to $6 Â 10 16 cm À3 following RTA. HA3 can be identified with HM7, a defect of unknown origin that has previously been detected in p-type GaAs epilayers grown by MBE. 32) On the other hand, HA4 is readily identified as a Cu-related defect (Cu Ga ), which is commonly observed in epitaxial layers grown by MOCVD. 12, 30) We suspect that Cu diffuses into the GaAsN epilayers from the heavily-doped substrate during growth. At this point in time, we have not been able to correlate the electronic properties of HA6 with a previously reported hole trap. However, it is worth noting here that Balcioglu et al. 13) have provided the evidence for the presence of an oxygen recombination centre in p þ -n GaInNAs solar cells. We are aware that the dimethylhydrazine source used to grow the GaAsN layers in the present study contains moisture as an impurity. Although we could also expect a oxygen-related trap in our samples, a direct comparison between HA6 and the hole trap H3 in ref. 13 is not possible because of the significant valence band offset between alloys. The electronic properties of the defects investigated in this study together with their possible origin are summarized in Table I .
We now demonstrate the influence of annealing time on defect evolution in the GaAsN layers annealed at 650 C [ Fig. 5(a) ] and 800 C [ Fig. 5(b) ]. Two pertinent remarks can be made regarding Fig. 5(a) , namely (a) the background for all three DLTS spectra are coincident, suggesting that the changes in defect intensities are not due to merely a change in the broad background as reported previously for p-type defects in InGaAsN epilayers, 10) and (b) the intensity of defects increase with the increasing annealing time. As far as HA4 is concerned, and assuming it is related to Cu (Fig. 4) , we propose that the longer annealing time promotes the atomic relocation (or segregation) of Cu from the heavily doped substrate into the epilayer. Figure 5 (b) reveals that annealing at 800 C is more complex, since we do not observe any systematic trends in the change in defect intensities as a function of annealing time. The results shown in Fig. 5 serve to show that the defect reactions taking place in annealed GaAsN layers is not straightforward, and that more research is required to fully understand the annealing behaviour of defects in these layers. Figure 6 illustrate the DLTS depth profiles of HA2, HA4, HA5, and HA6 in a sample annealed at 700 C for 30 s. The depth scale is limited to less that $0:43 mm since our Schottky barrier diodes became very leaky and unstable under reverse biases exceeding 3-4 V. The concentrations of HA4, HA5, and HA6 tend to decrease towards the surface. This may be the results of one of two processes: (1) the defects are related to impurities that diffuse from the substrate, and/or (2) the surface acts as a sink for defects. The depth profile of HA4 (Cu-related) provides the evidence that the source of Cu may indeed be the heavily doped substrate. The same conclusion may be reached if HA5 is assigned to Fe-impurities. On the other hand, the depth profile of HA2 tends to increase towards the surface, which may indicate that the defect is created as a result of the epitaxial growth.
The results discussed above show that there is still controversy concerning the origin of defects present in GaAsN materials. In fact, we have shown that the annealing behaviour of defects present in epitaxial layers containing the same nitrogen concentration and grown by the same technique could differ. Our current understanding of defects in these alloys may be further limited by noting the following points. Firstly, the defects created in MOCVDgrown layers are expected to be different to those created in layers grown by MBE. The defects in these two types of materials may show different annealing behaviours, and knowledge of defects in MBE-grown material may not necessarily be applicable for optimizing the optical properties of alloys grown by MOCVD. Secondly, GaAsN alloys with different nitrogen concentrations may contain different defects or similar defects but in different relative concentrations, 9) which affect the optical quality of alloys to different extents. Furthermore, it is known that hydrogen may passivate electrically active defects in semiconductor materials. These defect-hydrogen interactions need to be explored in more details in the case of GaAsN alloys. Since defects play an important role in determining the optoelectronic properties of GaAsN and related alloys, the results discussed in this paper together with the issues we have just mentioned reveal that further investigations are required to better understand the properties of these defects.
Summary
In summary, we have used deep level transient spectroscopy to study the evolution of defects in unintentionally doped p-type GaAsN epilayers as a function of annealing temperature. The epitaxial layers contained 0.31% nitrogen and were grown by MOCVD. Annealing increased the apparent free hole concentration in GaAsN layers, with the effect becoming less pronounced above 800 C. We have explained this increase in doping concentration to the removal of donor-type N-H bonds which cause compensation in the as-grown samples. However, the simultaneous depassivation of hydrogen/acceptor-type defects cannot be completely excluded. Rapid thermal annealing in the temperature range 600-900 C creates six hole traps HA1 (E V þ 0:22 eV), HA2 (E V þ 0:32 eV), HA3 (E V þ 0:38 eV), HA4 (E V þ 0:39 eV), HA5 (E V þ 0:55 eV), and HA6 (E V þ 0:78 eV). The relative concentrations of these defects varied over the temperature range investigated in this study. HA4 is identified as a Cu-related defect, while HA5 could be either a Fe-related defect or a EL2-type defect. Although HA1 could be a nitrogen-related complex, its origin is still centre of controversy. The structures of HA2 and HA3 are still unknown demanding further investigations. 
